Genetic variation in a population can be summarized through principal component analysis (PCA) on genome-wide data. PCs derived from such analyses are valuable for genetic association studies, where they can correct for population stratification. We investigated how to capture the genetic population structure in a well-characterized sample from the Netherlands and in a worldwide data set and examined whether (1) removing long-range linkage disequilibrium (LD) regions and LD-based SNP pruning significantly improves correlations between PCs and geography and (2) whether genetic differentiation may have been influenced by migration and/or selection. In the Netherlands, three PCs showed significant correlations with geography, distinguishing between: (1) North and South; (2) East and West; and (3) the middle-band and the rest of the country. The third PC only emerged with minimized LD, which also significantly increased correlations with geography for the other two PCs. In addition to geography, the Dutch North-South PC showed correlations with genome-wide homozygosity (r ¼ 0.245), which may reflect a serial-founder effect due to northwards migration, and also with height (#: r ¼ 0.142,~: r ¼ 0.153). The divergence between subpopulations identified by PCs is partly driven by selection pressures. The first three PCs showed significant signals for diversifying selection (545 SNPs -the majority within 184 genes). The strongest signal was observed between North and South for the functional SNP in HERC2 that determines human blue/brown eye color. Thus, this study demonstrates how to increase ancestry signals in a relatively homogeneous population and how those signals can reveal evolutionary history.
INTRODUCTION
Population genetic studies are of great value for detecting population substructure and making inferences about human history regarding migrations, expansions, and human evolution. 1 The genetic variation in a population can be summarized by uncorrelated principal components (PCs) through principal component analysis (PCA) on genome-wide data, usually with the explained variance monotonically decreasing with each PC. The PCs explaining most variation often show striking correlations with geography, 2-4 a consequence of the decreasing genetic similarity as geographic distance increases. Such PCs are also of value in genetic association studies, where they are used to correct for allele frequency differences due to systematic ancestry differences, i.e., population stratification. 5 When analyzing genome-wide genetic variants, one has to consider that some regions of the genome may be overrepresented in the PCs due to elevated levels of linkage disequilibrium (LD), diluting the genome-wide patterns that reflect ancestry differences. Very strong and/or long-range LD at a particular locus can even result in PCs that only reflect genetic variation at that specific locus. 6, 7 Price et al 7 therefore recommended the exclusion of long-range LD regions for PCAs, but advised against pruning for LD, as it did not significantly affect PCs in HapMap populations. 6 We hypothesize that these LD artifacts may have larger confounding effects when carrying out a PCA in a single relatively small population, where ancestry differences are relatively small, than in a PCA that is run on a pooled data set of multiple populations with greater between-population differences. To test this hypothesis, we ran PCAs on different SNP sets with varying levels of LD on a large sample of Dutch individuals, and separately in a pooled dataset consisting of the populations from the 1000 Genomes Project 8 covering five different continents (Europe, Africa, Asia, North-, and South America). Correlations between PCs and geography should be a good proxy for how well the PCs reflect ancestry differences. Correction for stratified phenotypes in association studies, such as height/stature, should be more effective in reducing false positives when using PCs that are a better reflection of one's ancestry.
The PCs showing the strongest ancestry signals are then used to further study the population substructure and genetic history of the Netherlands. The demographic history of this population is complex and still not completely understood. This is partly due to the highly variable Dutch geographic landscape. Large parts of the Netherlands were (and still are) well below sea level and our current landscape (apart from the urbanized areas) resembles the one of B1500 AD. Before that time, large parts of the Netherlands were still covered by sea (either permanently or under strong tidal influence) and uninhabitable; hence, population sizes were probably very low. The arrival of the first Romans (56 BC) also marked the beginning of waves of immigrants from various parts of Europe. Among the first were Batavians (from Germany), during later centuries followed by large groups of economic immigrants and religious refugees from throughout Europe (mainly Iberian, French, Belgian, German, British, and Scandinavian). 9 It is estimated that the ancestors of B75% of what we currently call the 'native' Dutch population (autochtonen in Dutch) have immigrated into the Netherlands during the past 20 centuries. 9 Further genetic differentiation within Dutch subpopulations may have been induced by isolation due to geographic and/or social factors. Studies on marriage records of the 19th and early 20th century showed greater isolation within Southern provinces, and the North-West province of Friesland, while the urbanized West showed lower rates of homogamy. [10] [11] [12] Religion also had a considerable role in maintaining Dutch (sub)populations during almost the entire second half of the last millennium, separating the Catholic South from the mostly Protestant North, but also maintaining substructures among the highly segregated Protestant groups. Strong religious assortment was detectable until well into the 20th century. 13 With increasing secularization during the 1960s and 1970s, however, religious assortment started to decline. 14 The first goal of this study is to explore the ability of a PCA to capture population differentiation in a relatively homogeneous population using different SNP sets varying in LD. PCs that represent ancestry differences then are to be employed to aid in investigating patterns of past human migration and the impact of selection on genetic variation in the geographically relatively small area of the Netherlands (41 543 km 2 ; 16 039 mi 2 ). Migration patterns were previously detected through correlations between distance from Addis Abbaba, Ethiopia, and genome-wide heterozygosity and LD. [15] [16] [17] [18] To investigate the influence of adaptive selection pressures on the genetic differentiation within the Netherlands, the distribution of alleles will be compared between subpopulations identified by the PCs.
SUBJECTS AND METHODS Participants
Subjects were registered at the Netherlands Twin Register (NTR, N ¼ 5509) 19 or the Netherlands Study of Depression and Anxiety (NESDA, N ¼ 2038). 20 Genotyping was performed on the Affymetrix Human Genome-Wide SNP 6.0 Array (Affymetrix, Santa Clara, CA, USA) according to the manufacturer's protocol.
Individuals with possible non-Dutch or non-European ancestry (N ¼ 258) were identified by projecting PCs from the 1000 Genomes individuals on the Dutch individuals, and with additional help of the birth country of their parents (see Supplementary Information).
Only unrelated individuals were analyzed. Unrelated individuals were chosen using GCTA, 21 by excluding one of each pair of individuals with an estimated genetic relationship of 40.025 (ie, more related than third or fourth cousin), reducing the sample from 7547 to 4441 subjects.
The current living address was available for 4103 unrelated subjects (of which 1841 also had place of birth available). Adult height was available for 3714 unrelated subjects, self-reported eye color for 1581 unrelated subjects (coded as blue, intermediate or brown), and self-reported hair color for 1583 unrelated subjects (coded as blond, red, light brown, dark brown, or black). 
PCA on three SNP sets

Effects of LD on PCA
To determine which SNPs underlie the variation reflected by the PCs, d (absolute allele frequency difference) was calculated for all SNPs between individuals with the highest and individuals with the lowest PC values (top and bottom 1000 for the Dutch dataset; top and bottom 250 for 1000 Genomes). To investigate the amount of LD that influenced a PC, an LD matrix of its top 500 SNPs (determined by d) was calculated in Plink, after which all LD values (r 2 ) were averaged (Table 1) . The LD changes very little across panels for the 1000 Genomes dataset, as opposed to the Dutch datasets. a The PC with the highest correlation with the North-South gradient. b The PC with the highest correlation with the East-West gradient. c The PC that also showed a correlation with the East-West gradient, and separates individuals from the middle of the Netherlands from individuals from the rest of the country (illustrated in Figure 1d ).
To test whether LD influences correlations of PCs with geography, we compared the correlations of PCs from the three panels with the latitude and longitude coordinates with the R package psych, which allows testing the difference between two dependent correlations sharing one variable (the geographic location in this case). 22, 23 Traces of migration: F, haplotype block size, and F st F (genome-wide homozygosity) was calculated in Plink. 24 Haplotype blocks were calculated per chromosome in Plink for different groups of individuals. This was done with pair-wise LD calculations for SNPs within 4000 kb (the size of the largest long-range LD region: the chromosome 8p23.1 inversion), using the largest SNP set (499 849 SNPs). The sizes of all autosomal haplotype blocks were then averaged. F st was calculated as a measure for genetic differentiation between populations according to Weir and Cockerham 25 by calculating it for every SNP and then averaging all F st values to obtain a genome-wide point estimate of the genetic distance.
Selection pressures as a source of genetic differentiation
Selection pressures were identified in Bayescan 2.1. 26 A comparison of several algorithms designed to achieve this goal through F st outlier tests concluded that this software package had the lowest false negative and false positive rates. 27 After computing F st values for all 499 849 SNPs between the top 1000 and bottom 1000 individuals for three PCs reflecting ancestry, F st coefficients are decomposed into a population-specific component (b), shared by all loci, and a locus-specific component (a), shared by both populations. If a differs significantly from 0, it is assumed that the locus was under-diversifying (a40) or balancing (ao0) selection. Significance is based on FDR-corrected q-values (o0.05).
For a more detailed description of the methods, see Supplementary Information. For the 1000 Genomes dataset, the three panels had almost identical components (see correlations in Supplementary Tables S2  and S3 ). The only PC reflecting a long-range LD region was PC10 from Panel 1 (the top 449 SNPs based on d fall within the inversion on chromosome 8p23.1). PCs extracted from the Dutch data set showed large differences between the three Panels (see Supplementary   Tables S4 and S5 ). In Panel 1, all top 10 PCs represent variation in long-range LD regions. For the first 9 PCs, the majority or all of the top 500 SNPs fall in the 24 long-range LD regions, and for PC10, 45% of the top 500 SNPs come from 1 of the 24 long-range LD regions. For Panel 2, the LD levels between the top 500 SNPs of the top 10 PCs are slightly lower, but still somewhat in the same range as for Panel 1 (except for PC1, the North-South PC; see Table 1 ), while in Panel 3, the LD levels are about 10-fold lower ( Table 1 ), suggesting that these PCs are likely to represent more genome-wide patterns.
RESULTS
Increasing genome-wide ancestry signals by reducing LD
As long as current and past migration rates are not too high, correlations with geography should be a good proxy for how well the PCs reflect ancestry. For a subset of the current sample with place of birth as well as current living address available (N ¼ 1841), the mean distance between birthplace and current living address is 33.33 km (20.71 mi; see Supplementary Figure S1 ). To test whether the degree of LD influences the correlations of the PCs with geography significantly, correlations between PCs from the three SNP panels and the North-South/East-West gradient were compared. The results of these tests are shown in Table 2 
Population stratification of height
Height has been known as a stratifying variable across the world, even within relatively small areas, such as the Netherlands. Northern Dutch are taller on average than the Dutch from the Southern parts of the Netherlands. 28 Also within Europe, height correlates with its NorthSouth axis, with Northern Europeans being taller than Southern Europeans. 29, 30 In our sample, however, height does not correlate very high with the North-South gradient of the current living address (males: r ¼ 0.036, P ¼ 0.232; females: r ¼ 0.050, P ¼ 0.020). The North-South PC, however, shows a higher and more significant correlation with height in both sexes (for Panel 3, the correlations are 0.142 for males and 0.153 for females, P-values o0.001). The fact that this PC does a better job of capturing the height differences between the subpopulations than their current living address, confirms that the PC is a better measure for ancestral origin than the geographical location, and that these height differences are indeed genetic. Population structure of the Netherlands A Abdellaoui et al
As an illustration of the ability of the PCs to reflect the stratifying effects in the population, and the role of LD thereon, we conducted genome-wide association analyses for height in 3714 unrelated individuals, using the North-South PC from different SNP Panels to correct for population stratification within the Netherlands.
When using only sex as a covariate in the GWAS on height, the lambda (l) is 1.0543. Introducing the North-South PC from Panel 1, l decreases to 1.0394, and continues to decline to 1.0296 as a result of excluding long-range LD regions and LD-based SNP pruning (see Table 2 ). Figure S3 ).
The following analyses will focus on these three PCs, which are plotted in Figure 1 and Supplementary Figures S4 and S5 . The first PC, which we shall refer to as the North-South PC (Figure 1b) , roughly differentiates the Southern provinces (Zeeland, NoordBrabant, and Limburg) below the three major rivers (the Maas, the Waal, and the Rhine) from the Northern provinces, with the more urbanized West falling in between. The second PC, which we shall call the East-West PC (Figure 1c) , mainly differentiates the Northeastern part of the Netherlands from the rest. The third PC, which we will call the middle-band PC (Figure 1d ), separates the Northern and Southern provinces from the middle-band area of the Netherlands. There were 157 complete spouse pairs in the sample, for which we calculated the spouse correlations for each of the three PCs. The North-South PC has the highest and most significant spouse correlation (r ¼ 0.555, Po0.001). The East-West PC and the middle-band PC show nominally significant spouse correlations (r ¼ 0.164, P ¼ 0.040, and r ¼ 0.179, P ¼ 0.025 respectively).
Traces of migration in the Netherlands
The patterns of the first three PCs from Panel 3 resemble the expected patterns of the first three PCs of Novembre and Stephens 31 (see Figure 1 ). Novembre and Stephens caution against drawing conclusions on migration events based on these patterns, because they resemble mathematical artifacts that may arise when PCA is conducted on spatial data where (genetic) similarity decreases with distance. The North-South PC, however, showed a moderate but significant correlation with F (inbreeding coefficient, a measure for genome-wide homozygosity) of 0.245 (Po0.001), indicating that the southern people are more heterozygous than the northern individuals (PC2 and PC3 did not show significant correlations with F). It was previously observed across populations that heterozygosity is negatively correlated with the distance from Addis Ababa, Ethiopia. 16, 17 This phenomenon is consistent with a serial-founder effect, where populations expanded through successive migrations of smaller subsets of the populations out of the previous location, starting from a single origin in sub-Saharan Africa. This serial-founder effect also results in increased LD with increasing distance from Africa. 15 Especially for PC1, the highly urbanized Randstad area shows an excess of intermediate PC values (see Figures 1a and b) , which could be due to the admixture of Dutch subpopulations caused by high migration rates between rural areas and the urbanized West, as well as between the major cities in the West. 32, 33 To investigate whether this could have influenced the correlation between PC1 and F, correlations with the North-South gradient and with F were calculated for PC1 for individuals from the 13 largest municipalities of Randstad area (i.e., with population 4100 000), and individuals from the rest of the Netherlands separately (see paragraph The Randstad in the Supplementary Information, and Supplementary Tables S7 and S8 ). For individuals from the Randstad, the correlation with the NorthSouth gradient is not significant and drops to around zero, while it increases for the rest of the country to 0.669. The correlation with F, however, is lower (r ¼ 0.170), but still very significant within the Randstad as well as for the rest of the country, where the correlation increases slightly (r ¼ 0.259). This indicates that the correlation between PC1 and homozygosity observed in the entire sample is not due to local admixture or inbreeding, making the serial-founder effect hypothesis a more plausible explanation.
To further illustrate the relationship between the PCs and F, the Dutch subjects were ordered in an ascending order according to their PC value and divided into 10 equally sized groups (9 groups with N ¼ 444, and 1 group with N ¼ 445). For each group, the mean F was calculated, and plotted in Figure 2 with its 95% confidence interval. As an illustration, we calculated and plotted two related measures in the same Figure: genome-wide average haplotype block size, and the mean F st with the Luhya people from 1000 Genomes (the 1000 Genomes population closest to Ethiopia). Figure 2 shows that all three measures show a similar linear increase as the North-South PC score increases, suggesting northwards migration. For PC2, the East-West PC, the homozygosity increases as one moves towards more positive as well as more negative values. This may be due to migration in multiple directions, but alternative explanations for this observation are still possible, such as local admixture and/or inbreeding. PC3 did not show significant differences between its 10 groups.
Selection pressures as a source of genetic differentiation
To investigate the extent of adaptive effects on the genetic differentiation within the Netherlands, F st values were computed with Bayescan 2.1 26 for all 499 849 SNPs that passed QC. F st values were computed between the top and bottom 1000 individuals for each PC depicted in Figure 1 (genome-wide mean F st values: PC1 ¼ 0.00059, PC2 ¼ 0.00026, PC3 ¼ 0.00021). Bayescan 2.1 then detected outliers with respect to F st values using a Bayesian approach, allowing a distinction between divergence due to random drift and divergence that is more likely to be driven by selection pressures. After FDR correction, 273 SNPs reached significance for PC1, 172 SNPs were significant for PC2, and 100 SNPs for PC3 (qo0.05). All significant signals were in the direction of diversifying selection, which may be partly explained by the weak power to detect balancing selection in F st outlier approaches. 26, 27, 34 58 .6% of the significant SNPs for PC1 fell within 88 genes, for PC2; 62.2% fell within 55 genes, and for PC3, 75% fell within 41 genes (as opposed to 51.4% of all 499 849 SNPs). These elevated proportions of genic SNPs among the outliers suggest that selection pressures on functional genetic variants had a role in the genetic differentiation between these Dutch subpopulations. Some of these genes have also been observed as highly differentiated within Europe, such as LCT (PC1), HERC2 (PC1), CADPS (PC1), IRF1 (PC1), SLC44A5 (PC1), R3HDM1 (PC1), ACOXL (PC3), and BTBD9 (PC3). [35] [36] [37] [38] [39] The SNP with the highest F st was observed in the North-South PC (PC1), falls within the HERC2 gene (rs8039195, F st ¼ 0.0061, q ¼ 0), and has been strongly associated with hair-and eye color. [40] [41] [42] In the current Dutch data set, this SNP was also highly predictive for both eye color and hair color when analyzed in a linear regression (eye color: P ¼ 3.59 Â 10 -133 ; hair color: P ¼ 1.65 Â 10 -22 ). As eye-and hair color are associated, we conducted an additional linear regression for rs8039195 on eye color with hair color as a covariate, and for hair color with eye color as a covariate. With covariates, the association was still highly significant for eye color (P ¼ 7.8 Â 10 -112 ), but not for hair color (P ¼ 0.218). The genotype frequencies of this SNP are also highly differentiated between 1000 Genomes populations, with the TT genotype having lower frequencies in populations with predominantly brown eyes, while in Northern European populations the genotype frequency can be as high as 93.5% in the Finnish, where blue eyes are much more prevalent (see Supplementary Table S6 ). To get a higher resolution of the F st values within and around the HERC2 gene, F st values were calculated for 3495 SNPs (chr15: 28 300 000 bp-28 600 000 bp) between the available 1000 Genomes Northern European populations (the British and Finnish) and Southern European populations (the Iberian and Toscan). Of the SNPs that were genotyped in the Dutch sample, rs8039195 had the highest F st between these European populations. The highest F st value of all 3495 available 1000 Genomes SNPs was observed for rs12913832, identified recently as the functional SNP for determining human blue-brown eye color. 43 Figure 2 F, haplotype block size and F st with the Luhya people in relation to the PCs. For the first three PCs (a-c, respectively), the Dutch subjects were ordered in an ascending order according to their PC value ( ¼ PCs from Panel 3, the LD-pruned dataset without long-range LD regions) and divided into 10 equally sized groups (the first 9 groups with N ¼ 444, and group 10 with N ¼ 445). For each of the 10 groups, the mean F (inbreeding coefficient) is calculated and plotted with its 95% confidence interval. As an illustration of two related measures, the genome-wide average haplotype block size and the mean F st with the Luhya people from 1000 Genomes, are plotted as well.
This SNP is in high LD with rs8039195 (r 2 ¼ 0.394, D 0 ¼ 0.993), consistent with rs12913832 being responsible for the significant signal for diversifying selection in this population.
In addition, significant divergence was observed in all three PCs for a number of genes that have major roles in brain function, such as GRM7 (PC1; encodes a metabotropic glutamate receptor), GRIN2A (PC1; encodes a subunit for the NMDA receptor), BDNF (PC2; encodes the brain-derived neurotrophic factor), SLC6A4 (PC3; encodes the serotonin transporter), NRXN3 (PC3; encodes neurexin-3-alpha), AUTS2 (PC3; autism susceptibility candidate 2). When including genes from all three PCs that showed signals of selection pressures in the clustering algorithm of Ingenuity Pathway Analysis (IPA spring release 2012; Ingenuity Systems Inc., Redwood City, CA, USA), the top 11 biological functions are brain-related (Pr1.26 Â 10 -4 ; with a large degree of overlap in molecules between the functions), with the most significant being neurotransmission of nervous tissue with 11 molecules and P ¼ 2.2 Â 10 -6 . To ensure this result is not due to a sampling bias (part of the sample consists of major depressive disorder (MDD) cases and controls), the Bayescan analysis was repeated, this time comparing MDD cases (N ¼ 966) with MDD controls (N ¼ 1522). This analysis showed no significant signals.
Other notable genes showing significant signals include FTO (PC1) and HCP5 (HLA Complex P5 gene; PC1 and PC2). A full list of significant SNPs, Bayescan statistics, and the genes they fall in is given in the supplementary file (supplementary_file.xls).
DISCUSSION
In an effort to elucidate the genetic substructure in a well-characterized population that contributes to multiple GWAS efforts, PCAs were conducted followed by a variety of follow-up analyses. The main aims of this study were: (1) to determine which of the SNP sets (varying in the amount of LD) led to the best PCs in terms of reflecting ancestral origin, (2) using these PCs, to investigate patterns of past human migration, and (3) identifying genomic regions under selection pressures.
We first examined the effect of reducing LD on the ability of the PCs to capture the genome-wide patterns reflecting ancestry differences. In SNP panel 1, the PCA on the 1000 Genomes populations resulted in only 1 of the top 10 PCs (PC10) reflecting a long-range LD region, while in the Dutch data set, all top 10 PCs reflect these regions. Price et al 6 showed that genome-wide LD-based SNP pruning did not lead to improved PCs in an analysis of HapMap data. This was confirmed in our analysis of the 1000 Genomes dataset. In the Dutch dataset however, LD-based SNP pruning did lead to improved PCs, as shown by: (1) a large decrease in LD in the top 500 SNPs of the top 10 PCs (Table 1) ; (2) significantly improved correlations of the PCs with geography (Table 2) ; (3) the emergence of a new PC among the top ten PCs (PC3, the middle-band PC) that correlates significantly with geography ( Figure 1d ). We thus conclude that both excluding long-range LD regions and LD pruning are necessary when studying a relatively small population, which may consist of overlapping subpopulations. Large GWAS efforts usually consist of metaanalyses of multiple cohorts consisting of relatively homogeneous populations, which often use PCs to account for population stratification. PCs extracted from SNP sets with less LD are better suited for this goal, as we show using height as an example.
The Dutch North-South component had the highest correlation with geography, and showed the strongest levels of differentiation based on genome-wide F st values. The high spouse correlation for this PC (0.555) suggests that the North-South differentiation is at least to some extent still ongoing. In Europe, there also is a consistent and reproducible distinction between Northern and Southern populations. 45, 46 When projected onto the Dutch individuals, the 1000 Genomes PC that differentiates between Northern and Southern European populations (1000 Genomes PC4 in Supplementary Figure  S2) shows a high and significant correlation with the Dutch NorthSouth PC (r ¼ 0.656, Po0.001, in unrelated Dutch individuals). The correlation with height is also in the same direction as in Europe (i.e., Northerners are taller than Southerners on average), and blue/ brown eye color as well. The Dutch North-South PC also shows a decrease in heterozygosity and an increase in mean haplotype block size in Northern as compared to Southern Dutch individuals (Figure 2) , which has been observed between Northern and Southern European populations as well, 45 and is best explained by a serialfounder effect. This effect is in line with the European South--North expansions expected to have occurred at least during Paleolithic, Mesolithic and Neolithic times. [47] [48] [49] [50] This effect does not necessarily have to reflect an upward migration that took place within the Netherlands; it may also be that, more recently, Southern Europeans migrated more to the South of the Netherlands, while Northern Europeans migrated more to the Northern parts of the country, maintaining the North-South distribution within the country.
It seems that the genetic differentiation between the Dutch subpopulations led to some phenotypic differences as well, as can be seen for example in the significant correlation of height with the North-South PC. The divergence between these subpopulations is at least in part driven by diversifying selection pressures. The majority of SNPs with significant signals of selection pressures are within genes, of which several have been found to strongly differentiate within Europe as well. [35] [36] [37] [38] [39] The highest F st is observed for rs8039195 from the HERC2 gene. This signal is very likely coming from the neighboring SNP rs12913832 (the strongest blue-brown eye color determinant in humans). 43, 44 It is not entirely clear yet why eye color was under such strong selection pressures. It has been proposed that European eye color may have been under frequency-dependant sexual selection, 51 which is known to favor color polymorphisms and increase their diversity in many species. The strong signal this particular SNP shows is probably due to the large effect this SNP has on the trait under selection, increasing the selective pressure on this single polymorphism.
Genes involved in brain function are significantly overrepresented among the rest of the signals. Selection pressures on brain related genes in modern humans have been reported previously. 52, 53 More research is needed on the exact variants under selection and their functional impact in order to hypothesize which of the wide range of brain functions may have been under selection and why.
Other notable genes include FTO (PC1) and HCP5 (PC1 and PC2). FTO has a role in metabolism, having a large enough effect on obesity to be consistently associated with it, 54,55 suggesting dietary-influenced selection pressures, such as those expected from the transition from hunter-gatherer to agricultural societies. Selection pressures on FTO and other genes involved in obesity have been observed before in other populations. 56, 57 The lactase gene (LCT) is also a wellestablished target of dietary-influenced selection pressures, and also showed significant signals in PC1. HCP5 (HLA Complex P5 gene) from the MHC region (a long-range LD region that was excluded in the PCA) is one of two genes that appear in multiple PCs (PC1 and PC2), and has a role in the immune system. Strong divergence of several genes from the HLA complex has been observed within Europe, [36] [37] [38] most likely due to high evolution rates in the highly polymorphic MHC region in order to maintain resistance to rapidly evolving pathogens. 58, 59 Other immunity-related genes that showed significant signals of selection in this study as well as previous studies are: IRF1 (PC1), ACE (PC1), LRRC4C (PC2), PLCL1 (PC3), and HSPD1 (PC3). 60 In interpreting these findings, one should consider the possibility of ascertainment bias in SNP selection for the microarray, which may have caused signals to be missed (especially for analyses on selection pressures). SNP selection of about half of the SNPs on this Affymetrix array however is random in order to provide sufficient genome-wide coverage, which may have decreased this bias. 61 This is a unique population genetics study in terms of resolution, because of the large sample from a relatively small geographical area with detailed phenotypic information available for the majority of the subjects. Increasing signals for ancestry in this data set allowed for the investigation of traces left by migration and adaptation in the genome of a region where the subpopulations have relatively subtle genetic differences. Further research is needed to identify the functional variants in the genomic regions showing significant signals for diversifying selection pressures, as these are likely to influence traits that increased fitness and/or reproductive success. Our results also confirm the importance of considering stratification in association studies of complex traits designed to detect very small effects, even when analyzing smaller supposedly homogeneous populations. In computing PCs to correct for these subtle ancestry differences, the level of LD should be minimized.
